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1
WIRELESS POWER SYSTEM AND
PROXIMITY EFFECTS

This application claims priority from provisional applica-
tion No. 60/943,269, filed Jun. 11, 2007, the disclosure of
which is herewith incorporated by reference.

BACKGROUND

Our previous applications and provisional applications,
including, but not limited to, U.S. patent application Ser. No.
12/018,069, filed Jan. 22, 2008, entitled “Wireless Apparatus
and Methods”, the disclosure of which is herewith incorpo-
rated by reference, describes wireless transfer of power.

The transmit and receiving antennas are preferably reso-
nant antennas, which are substantially resonant, e.g., within
10% of resonance, 15% of resonance, or 20% of resonance.
The antenna is preferably of a small size to allow it to fit into
a mobile, handheld device where the available space for the
antenna may be limited. An embodiment describes a high
efficiency antenna for the specific characteristics and envi-
ronment for the power being transmitted and received.

One embodiment may be usable in a configuration that
transfers power between two antennas by storing energy in
the near field of the transmitting antenna, rather than sending
the energy into free space in the form of a travelling electro-
magnetic wave.

Embodiments operates with high quality factor (Q) anten-
nas. This can reduce radiation resistance (R,) and loss resis-
tance (R,).

In one embodiment, two high-Q antennas are placed such
that they react similarly to a loosely coupled transformer, with
one antenna inducing power into the other. The antennas
preferably have Qs that are greater than 1000.

BRIEF DESCRIPTION OF THE DRAWINGS

In the Drawings:

FIG. 1 shows a basic equivalent circuit;

FIG. 2 shows the stored energy in the equivalent circuit;
FIG. 3 shows a plot of radiation efficiency;

FIG. 4 shows a plot of the near and far field;

FIG. 5 shows a diagram of the antenna loop geometry;
FIG. 6 shows a schematic of a series resonant circuit;
FIG. 7 shows a simplified circuit schematic;

FIGS. 8A-8D show received power plots; and

FIGS. 9A-9B show antenna efficiency plots.

DETAILED DESCRIPTION

A wireless link between the transmitter and the receiver is
a critical part of an embodiment. A theory of small antennas,
with a special focus on small loop antennas tuned to reso-
nance is described.

Assuming maximum transmitter and receiver dimensions
of 20 cm and 5 cm respectively, available received power is
calculated over a range of frequencies from 1.3 to 500 MHz
and separations of 1 m to 3 m to determine optimum separa-
tion and parameters. During the analysis, care is taken to
avoid exceeding the MPE (Maximum Permissible Exposure)
limits for radio transmitters according to FCC CFR 47.

The analysis was performed using Matlab simulation soft-
ware. The results obtained by simulation correspond very
closely to the theoretical predictions.

In one embodiment, the efficiency of the system increases
at higher frequencies (shorter wavelengths) and so the avail-
able received power increases. The MPE limits have one goal
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to reduce the permitted radiated power levels at higher fre-
quencies. Hence, this effect generally dominates the effect on
MPE. An embodiment discloses a system and parameters
where frequencies are optimum in the 150 to 250 MHz range.

Another embodiment increases the amount of delivered
power by disclosing a near-field, close-coupled system with
much larger dimensions and fixed or constrained positioning
of the receiver relative to the transmitter providing much
greater power transfer to the receiver.

An embodiment discloses a wireless powering-charging
system, based on a transmitter that sends a substantially
unmodulated beacon (e.g., carrier only) and a receiver that
extracts energy from the radiated field of the transmitter to
power an electronic device or charge a battery.

Thekey component of this system is the antennas. Practical
antennas should fulfill the following requirements:

Small size. One embodiment may integrate the antenna has
to be integrated into a mobile, handheld device. There-
fore, the available space for the antenna may be limited.

High efficiency. The antenna should be able to efficiently
extract the energy from the electromagnetic field of the
transmitter in order to power today’s electronic devices
or to allow suitable charging times.

Antenna theory provides a fundamental limit that relates
antenna size, antenna efficiency and bandwidth to each other.
A small antenna that is highly efficient will be very narrow-
band. An embodiment uses an adaptive tuning circuit.

DEFINITIONS, ACRONYMS AND
ABBREVIATIONS

CFR Code of Federal Regulations
FCC Federal Communications Commission
MPE Maximum permissible exposure
USPTO United States Patent and Trademark Office
The maximum exposure limits are defined by European
and US standards in terms of power density limits (W/m?),
magnetic field limits (A/m) and electric field limits (V/m).
The limits are related through the impedance of free space,
377Q.
For the USA, the applicable standard is FCC CFR Title 47:
§2.1091 Radiofrequency radiation exposure evaluation:
mobile devices. A mobile device is defined as a trans-
mitting device designed to be used in such a way that the
separation distance of at least 20 cm is normally main-
tained between the transmitter’s radiating structure(s)
and the body of the user or nearby persons. The limits to
be used for evaluation are specified in §1.1310 of this
chapter.
§1.1310 Radiofrequency radiation exposure limits (see
Table 1).

TABLE 1

FCC limits for radiation exposure
LIMITS FOR MAXIMUM PERMISSIBLE EXPOSURE (MPE)
Electric Magnetic
Frequency field field Power Averaging
range strength strength density time
(MHz) (V/im) (A/m) (mW/cm?) (minutes)
(A) Limits for Occupational/Controlled Exposures
0.3-3.0 614 1.63 *(100) 6
3.0-30 1842/ 4.89/f #(900/£2) 6
30-300 61.4 0.163 1.0 6
300-1500 /300 6
1500-100,000 5 6
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TABLE 1-continued

FCC limits for radiation exposure
LIMITS FOR MAXIMUM PERMISSIBLE EXPOSURE (MPE)

Electric Magnetic
Frequency field field Power Averaging
range strength strength density time
(MHz) (V/m) (A/m) (mW/cm?) (minutes)

(B) Limits for General Population/Uncontrolled Exposure

0.3-134 614 1.63 *(100) 30
13430 824/f 219/ *(180/£2) 30
30-300 275 0.073 0.2 30
300-1500 /1500 30
1500-100,000 1.0 30

f = frequency in MHz
*=Plane-wave equivalent power density
NOTE 1 TO TABLE 1:

Occupational/controlled limits apply in situations in which persons are exposed as a con-
sequence of their employment provided those persons are fully aware of the potential for
exposure and can exercise control over their exposure. Limits for occupational/controlled
exposure also apply in situations when an individual is transient through a location where
occupational/controlled limits apply provided he or she is made aware of the potential for
exposure.

NOTE 2 TO TABLE 1:

General population/uncontrolled exposures apply in situations in which the general public
may be exposed, or in which persons that are exposed as a consequence of their employment
may not be fully aware of the potential for exposure or can not exercise control over their
exposure.

Table 1: FCC Limits for Radiation Exposure
The applicable standard for Europe is EN60215. This has
been derived from the ICNIRP (International Commission on

Non-lonizing Radiation Protection) guidelines [ICN]. The
limits are given in Table 2.

TABLE 2

Furopean limits for radiation exposure

Electric Magnetic
Frequency field field Power Averaging
range strength strength density time
(MHz) (V/m) (A/m) (W/m?) (min)
0.15-1 87 0.73/f — 6
1-10 87/f12 0.73/f — 6
10-400 28 0.073 2 6
400-2000 1375 2 0.0037 2 17200 6
2000-300,000 61 0.16 10 6

Embodiments consider the power density limits and mag-
netic field limits. The US limits are much more generous at
frequencies below 30 MHz and could offset the effect of
reduced antenna efficiency at low frequency. This application
considers a range of frequencies to determine which frequen-
cies are the best for wireless power transfer.

Certain determinations can be made by reviewing the char-
acteristics of the antennas. An “electrically small antenna” is
an antenna that can be fitted into a fraction of a radiansphere,
which is a sphere of radius rmax

Equation 1

where:
k is the wavenumber in m~
A is the wavelength in m
c is the speed of light 299792458 ms™!
f is the frequency in Hz
d,,, . 1s the diameter of the radiansphere

The relative antenna size d/A is defined as kr. An “electri-
cally small” antenna has a kr<1.

Electrically small antennas, however, are not in general
self-resonant. For low frequencies, the antennas are either

1

4

capacitive (e.g., a dipole antenna) or inductive (e.g., a loop
antenna). These can be approximated for example by a first-
order series RC or parallel RL circuit. To obtain resonance in
the antenna, a reactor of opposite kind can be tuned based on
other characteristics of the antenna.

The equivalent circuit of such an antenna is shown in FI1G.
1 for a capacitive kind of antenna.

FIG. 1 illustrates how a main element of the antenna is its
radiation resistance R, 105, shown in FIG. 1, which models
0 the radiated power. A loss resistor R; 110 models the thermal

loss: including, for example, the conduction and dielectric

losses of the antenna. Capacitor C 115 is shown as storing the
energy W, and represents the reactive component of the
antenna. A matching inductor L 120 forms a resonant circuit

5 with the capacitor 115. According to an embodiment a reso-
nance of the circuit is tuned to the operating frequency which
is selected. Equation 2 represents characteristics of this cir-
cuit.

w

—

—

1 1 Equation 2
R, + jw,L= (R +R,) - j—— quation

s Wy = —
w,C" 7 I

Ro

where:

R, is the source resistance in Q

R, is the antenna resistance in €2

R, is the loss resistance in €2

R, is the radiation resistance in

m,, 1s the resonance frequency in rads™

L is the matching inductance in H

C is the antenna capacitance in F

According to an embodiment, and for maximum power
transfer, the antenna and matching network impedance is
complex conjugate matched at resonance to the antenna
impedance.

FIG. 2 illustrates an analogous circuit for the case of an
inductive antenna, having similar characteristics.

Ithas been postulated that if a certain antenna performance
is required, the size of an antenna cannot be reduced to an
arbitrary value. This postulates that there is a minimum
antenna size for a radiation quality factor.

According to theory, an antenna is completely enclosed by
a sphere of radius r. The field outside the sphere, as a result of
an arbitrary source or current distribution inside the sphere,
can be expressed as a sum of weighted spherical waves propa-
gating radially outward. Each wave (mode) exhibits power
orthogonality and therefore carries power independently
from the others.

It can be mathematically proven that a particular field
outside the sphere can be generated with an infinite number of
different source distributions. The field outside the sphere is
therefore independent from a particular implementation of
the antenna.

An antenna that excites only one mode (either TEO1 or
TMO1) has been shown achieves the lowest possible radiation
quality factor of any linearly polarized antenna. The radiation

quality factor Qr can be expressed as:
55

25

1

30

35

N
v

50

W, B Equation 3
zw_wa—, W, > W, (capacitive antenna)
"

0 =

_ 1 1
TPk

kr

m

P,

2w , Wi > W, (inductive antenna)

60

where: Qr is the radiation quality factor (unitless)

o is the radian frequency in rads-1

We is the time-averaged, non-propagating, stored electric
energy in J

Wm is the time-averaged, non-propagating, stored mag-
netic energy in J, and

Pr is the radiated power in W.

65
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Equation 3 shows that a dominant term for electrically
small antennas (kr<<1) is the cubic term kr. However, for
large antennas (kr>>1) the radiation quality factor will be
governed by the linear term.

A physical implementation of an antenna exhibits losses,
i.e. its radiation efficiency is smaller than unity due to non-
ideal conductors and dielectrics. The reduction of the effi-
ciency has an impact on the overall quality factor, called the
antenna quality factor Qa. Assuming the antenna is power-
matched to the source, the antenna quality factor Qa results
in:

Vi Q.=,Q, Equation 4
where: Qa is the antenna quality factor (unitless)
Three important relations can be derived from Equation 3
and Equation 4:
Three important relations can be derived from Equation 3
and Equation 4:

For small antennas the efficiency is proportional to the
cube of the relative antenna size and therefore also pro-
portional to the cube of the antenna size and to the cube
of the frequency:

0 (kr)> o ocf Equation 5

For large antennas the efficiency is proportional to the
relative antenna size and therefore also proportional to
the antenna size and the frequency:

n,-ockrocrocf Equation 6

In general, the radiation efficiency is proportional to the
antenna quality factor:

n,2Q, Equation 7

For the antenna models in FIG. 4 and FIG. 5 the values for
radiation quality factor Q, and radiation efficiency 7, are
given as:

B Im{Z,} B 1 Equation 8
Oreap = Re{Z,} ~ w,R, C
_ Im{Y,} _ R, Equation 9
Qrind = RelY.] ~ wiL
B P, B R, Equation 10
=B TR YR,
where:

7, 1s the radiation efficiency (unitless)

7, is the antenna input impedance in €2

Y, is the antenna input admittance in Q"

P, is the radiated power at resonance in W

P,,, is the power input to the antenna at resonance in W

For a given radiation efficiency, reducing antenna size
leads to increased antenna quality factor. For a given antenna
size, decreasing radiation efficiency results in lower antenna
quality factor. Consequently, for a given radiation efficiency,
a higher antenna quality factor is the penalty for a small
antenna size. Conversely, the antenna quality factor decreases
with increasing frequency and increasing antenna size when
the radiation efficiency is kept constant.

For the wireless powering and charging system the antenna
efficiency determines how much power can be transferred.
FIG. 3 shows a plot of the radiation efficiency as a function of
relative antenna size and antenna quality factor.

Equation 5 shows that the antenna efficiency is propor-
tional to the cube of the relative antenna size and therefore
also proportional to the cube of the absolute antenna size.
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Increasing the size by a factor of 10 results in an improvement
of antenna efficiency of 30 dB (factor 1000), assuming that
the antenna quality factor is kept constant.

Equation 7 shows that the antenna quality factor is propor-
tional to the antenna efficiency. Increasing by 10 times the
antenna quality factor yields an increase of the antenna effi-
ciency of 10 dB (factor 10), assuming a constant relative
antenna size.

Radiation efficiency therefore depends on frequency for
different values of the antenna quality factor and antenna
dimensions. Antenna efficiency is proportional to the cube of
the frequency. An increase by a factor of 10 in the frequency
leads to an improvement of the antenna efficiency by 30dB (a
factor of 1000), assuming that the antenna size and the
antenna quality factor are kept constant.

Antenna gain and directivity may also be important factors
to consider.

The directivity is linked to the gain as follows:

(Eq 1)

The directivity of a small dipole, for example, may be
D=1.5 The same directivity applies also to a small loop. This
similarity becomes clear when the principle of duality of the
electric and magnetic field is applied, as a small loop can be
described as a magnetic dipole.

Higher directivities can be expected from antennas that are
not electrically small. This is the case e.g. for a. If the maxi-
mum antenna dimension is in the order of a wavelength, the
directivity is higher than that of the small dipole. However, for
the wireless powering and charging system this is only the
case for frequencies above 1 GHz (refer to FIG. 3).

The characteristics of an antenna show a strong depen-
dence on the point (in terms of distance) where their fields are
observed. There are two main regions.

Near-field: In the near-field region the electromagnetic
energy is mainly stored and not radiated (stationary
wave). The boundary for the near field region is usually
defined as:

G=nD

A
kr<<1 << —,
¥ «r

where:

k is the wave number, and

r the observation distance to the antenna.

Far-field: In the far-field region most of the electromag-
netic energy is radiated and not stored. The boundary for
this area is usually defined as:

A
kr>>1<—>r>>§.

A transition from a stationary into a propagating wave
occurs between the near-field and the far-field. This area
between the stationary and propagating wave is the so-called
transition region.

FIG. 4 illustrates the different regions as a function of
distance to the antenna and frequency. For a distance 0f'0.5 to
5 m to the antenna, the boundary (kr=1) between the near-
field and the far-field is in the frequency range of 10 to 100
MHz.

Radio waves propagate in a very different manner in the
near-field and in the far-field. The Friis transmission equation
describes the ratio of received power to power of a transmit
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antenna, assuming a certain receive and transmit antenna
gain, as well as a certain separation between these antennas:

E . (L)Z Equation 12
Pr. VRS dr

Equation 12, however, is only valid in the far-field.

In an embodiment, the dipole can also be used to model a
loop antenna because of the principle of duality of the electric
and magnetic field. Therefore, the electric field component of
a dipole corresponds to the magnetic field component of the
loop and vice versa.

Equation 13 and Equation 14 show the components of the
electric and the magnetic field of a small dipole. The radial
component of the electric field has been omitted, as it
accounts only for the reactive energy that is stored in the
near-field.

i klolsine[ 1 Equation 13
J

_ Moty L e
Eo = jn Anr + jkr (kr)z] €

_klolsinO[ 1 Equation 14

Hy=j—— |1+ —|-&
¢=J Anr jkr]e

where r is the distance to the antenna and not the antenna
radius.

Eoe klolsine[ 1 ] e Equation 13
T B T

oo ki, lsinf [1 N 1 ] jier Equation 14
¢=J Anr Jkr ¢

The received power from a co-polarized antenna, where the
transmit and the receive antenna are parallel to each other, is
proportional to the time averaged value of the incident field
squared as described above. Thus, the path gain can be cal-
culated as follows:

. _ Prxe _ GTXGRX[ 1 N 1 ] Equation 17
PR T P T T A L k' P
P _ Prxy GTXGRX|: 1 N 1 ] Equation 18
A N Tt

Equation 17 represents the propagation law for like anten-
nas (propagation from a dipole to another co-polarized dipole
or propagation from a loop to another co-polarized loop.
Equation 18 is the propagation law for unlike antennas: e.g.
propagation from a dipole to a co-polarized loop or propaga-
tion from a loop to a co-polarized dipole.

The path gain assuming G, =Gg,=1 is much higher than
what would be expected by applying the far-field theory. For
transmission between like antennas in the near-field, a path
loss of 60 dB/decade can be seen, whereas the transmission
between unlike antennas in the near-field has a path loss of 40
dB/decade. This is contrasted to the path loss of 20 dB/decade
that is seen in the far-field.

Embodiments disclose wireless power transfer in both the
near-field and the far-field.

Embodiments recognize that a dipole antenna or a loop
antenna may be used for wireless power transfer. A loop
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antenna is a “magnetic” antenna and may be less sensitive to
changes in its surroundings than a dipole, which is an “elec-
tric” antenna. The inventors recognize that the portable
device will regularly be exposed to changes in its surround-
ings, e.g. when it placed on a table, held in the hand, or putin
a pocket. For this reason, a loop antenna is recommended for
the receiver.

An air loop antenna with a maximized cross-sectional area,
or a loop antenna with a ferrite core can be used. For at least
three reasons, an embodiment may prefer an air loop antenna
is over a loop antenna with a ferrite.

The air loop antenna is more resistant to detuning from
permanent magnets 510 in its vicinity (such as in the speaker
of a mobile telephone 505). The air loop antenna will, in
general, be more efficient than the ferrite loop antenna, since
an air loop antenna does not have ferrite losses. This state-
ment does depend on the size of each antenna, but clearly the
ferrite antenna cannot be arbitrarily large, due to its weight
and the fact that it may be difficult to place other components
“inside” it. Also, although the air loop antenna will enclose a
greater surface area, other components can be placed inside
the loop, and the form-factor of the loop can be modified to fit
the form-factor of the portable device.

The same type of antenna should be used for the transmitter
as for the receiver. However, the transmitter need not be
portable. Hence, there are fewer restrictions on the size and
form-factor of the transmitter antenna. For example, the
receiving antenna can be smaller than the transmitting
antenna, although both are preferably the same kind of
antenna, e.g., loop or dipole.

A loop antenna is inherently inductive. A capacitive ele-
ment is required in the tuning circuit to bring that loop
antenna to resonance. Even though a loop antenna is less
sensitive to changes in its surroundings than a dipole antenna,
it will still be dependent on changes in its surroundings.
Therefore, adaptive tuning may be useful to maintain a link.
Adaptive tuning can include changing the value of the capaci-
tive element, and thus the resonant frequency of the circuit or
other circuit parts.

It may be more straightforward to build an adaptive tuning
circuit at the transmitter. However, an adaptive tuning circuit
being placed also on the receiver side may provide the most
flexibility.

In addition, tuning components with high quality factors
(Q), e.g., Q>1000, can be used to ensure that that the Q of the
overall receiver circuit is degraded as little as possible. Effi-
ciency should be maximized and bandwidth should be as
narrow as possible.

FIG. 5 illustrates an embodiment formed of an air loop
antenna with maximum dimensions of 5 cm (a radius r of 2.5
cm) and N turns. The loop could, for example, be placed
around the perimeter of a mobile device 505 such as a cellular
telephone. At this stage, the impact of other electronics near
the antenna will not be considered.

A capacitor is used to bring the loop antenna to resonance,
required. The size of the capacitor is given by the standard
equation for resonant L.C circuits:

2 _ 1 Equation 19

By calculating the inductance of the air loop antenna using
Equation 23 and a wire diameter of 500 um, the required
capacitance to bring the antenna to resonance can be between
10-14t0 10-7 F.
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An embodiment may use a high Q fixed chip capacitor in
parallel with a high Q varactor diode (voltage-tunable capaci-
tor) to bring the receiver air loop to resonance and to maintain
tuning. A schematic of the equivalent series-resonant circuit
is shown in FIG. 6.

V,: The induced voltage across the loop antenna

L,.: The inductance of the loop antenna
R; .o R, . R, ,.: Receive-antenna loss (ohmic) resis-

tance, radiation resistance and overall antenna resistance

(the sum of the previous two)

C,ar Resr var: The capacitance of the tuning varactor and
its associated Equivalent Series Resistance (ESR)

Cpws Regr_sx: The fixed capacitance and its associated ESR

R qa - The load resistance

A goal is to have a tuning range of roughly +/-5 percent of
the chosen operating frequency to cover variations in the
capacitance and detuning from external factors. In other
words, the varactor’s tuning range would need to be approxi-
mately +/-10 percent the fixed capacitance value. Compo-
nents should have a high Q, so that they degrade the overall Q
of the circuit as little as possible.

In another embodiment, it may be possible to eliminate the
varactor diode at the receiver completely and have the trans-
mitter track the receiver resonant frequency. This will be
dependent on how much resonant frequency of the receiver
loop is affected by changes in the environment near the loop.
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a large number of turns, practical implementation would start
to become difficult. A higher frequency therefore appears to
bring those benefits.

However, at frequencies of 250 MHz and above, the size of
fixed capacitor required is extremely small—e.g., on the
order of 1 pF for N=1, and even less for more turns. At these
frequencies, the best approach is probably to eliminate the
fixed capacitor all together and use only a very small tuning
capacitor. This physical limit on capacitor size also puts a
limit on the frequencies that can be used for given loop
dimensions. 250 MHz is probably the absolute limit with the
dimensions used in this study. A smaller receiver loop size
would allow a higher frequency or more loops to be used.

High Q/low ESR capacitors with capacitances from the
low picofarad to the low nanofarad range should hence be
used. These are available from AVX. Others may be available
from Vishay, Murata, JTI, Macom, Panasonic and AEC.
Details of some potentially suitable AVX capacitors are tabu-
lated in Table 3.

Data for the-AVX capacitors at 1.3 MHz is not explicitly
given in the datasheet and has not been plotted in the figures
below. However, Q and ESR values have been fairly accu-
rately determined by a process of extrapolation and curve-
fitting, and the data used in a Matlab script for antenna per-
formance analysis.

TABLE 3

Details of potentially suitable capacitors from AVX

Capacitor Capacitance

Family (all ~ Range of Voltage Dimen-

AVX) Family Tolerance Q ESR Rating sions

HQ series, 3.3pFto +/-0.25 pF  Varies according  Varies according 600Vto 9.4 mm x

E case 6800 pF to to capacitance to capacitance 7200V 9.9 mm x
+-1% and frequency - and frequency - 3.3 mm

see FIG. 19 see FIG. 20

SQ,AQor 0.1 pfto +-1% Claimed greater ~ Approx 0.004at 50V 2.79 mm x

CDR! 5100 pF than 10000 at 1 1 MHz 2.79 mm x

series, style MHz 2.59 mm

13 or14

Furthermore, at higher frequencies, or with larger loop
dimensions, or with more loop turns, a smaller capacitance is
required to bring the loop to resonance. In that case, it might
be possible to simplify the circuit model of FIG. 6. Instead of
a combination of a fixed and a tunable capacitor, only a
varactor diode or only a fixed capacitor would be used.

Another effect that needs to be considered is the self-
resonance of the loop at higher frequencies. This effect will
occur as inter-winding capacitance and stray capacitances on
the loop antenna come into resonance with the inductance of
the winding itself. This will likely result in a decrease in the
loop inductance as frequency increases.

The chosen operating frequency will determine the size of
the fixed capacitor. At a low operating frequency such as 1.3
MHz, a large fixed capacitor will be required. For example,
the loop antenna with the dimensions given in FIG. 5 with 5
loops would require a fixed capacitance of 3 nF. Capacitance
variations of +/-1 percent (30 pF) are typical for these types
of capacitors. However, this exceeds the tuning range of most
available tunable capacitors. Therefore, at low frequencies
the best solution might be to put the adaptive tuning only in
the transmitter.

Increasing the operating frequency or increasing the num-
ber of turns will reduce the size of the fixed capacitance. With
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In general, Q, ESR and C are related by the following
equation.

¥ 1 Equation 20
Lyl c quation

WResrQ

To get this +/-5 percent frequency tuning range, the var-
actor diode may preferably be variable over a capacitance
range one-fifth of the size of the fixed capacitor. This should
be achievable for operating frequencies where the required
fixed capacitor is in the order of 100 pF. At higher operating
frequencies, where the required capacitance is smaller, the
fixed capacitor can be eliminated and a quiescent state of the
varactor diode would suffice as the fixed capacitance.

GaAs or Silicon abrupt or hyperaprupt tuning varactors
with a wide tuning range, low ESR and high Q may be used.
One has always to make a tradeoff between wide tuning range
and high Q. The devices with the largest tuning ranges have
the lowest Q. Products from Sprague-Goodman, Skyworks,
Infineon, Aeroflex Metelics, Macom and MDT may be used.
MDT is likely the preferred choice for high Q, small tuning
range.

A selection from MDT is presented in Table 4. The tuning
ranges have been extracted directly from the plots in FIG. 21.
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A variety of high Q. narrow tuning range varactors from MDT

Recommended  Center C; Tuning Ratio Required Q,,;, at 50
Manufacturer ~ Varactor @-4V or Tuning Range Voltage MHZ2
MDT MV34009 4.5 pF 8.3 2-12V 1200
(Range 2-21 pF)
MDT MV31026 10 pF 13.1 2-20V 1500
MDT MV30003 1.2 pF 3.8 2-12V 3000
(Range 0.3-4.2 pF)
MDT MV31011 0.5 pF 5.5 2-20V 4000

Another embodiment may use MEMS Varactors. Philips
has MEMS varactors with a Q of 300 to 400. MEMS varactors
would likely bring lower power consumption.

An analysis of the circuit of FIG. 6 at resonance will
explain performance. In a first approach, the varactor is
replaced by a fixed value capacitor one-tenth the size of the
main fixed capacitor. The AVX data will be used for both
capacitors. The first step is to reduce the parallel capacitor
combination in FIG. 6 to its series equivalent at resonance.
This provides a simplified circuit shown in FIG. 7, where:

1,.: Current in the receiver loop

P, .: The power available at the load resistor

C,., The equivalent series capacitance of the fixed capaci-
tor and the varactor

R,,,: The equivalent series resistance of the fixed capacitor
and the varactor

At resonance, the reactances can be neglected since XI.=—
Xc. Only the resistive (real) losses in the circuit need be
considered. It can be shown that when the resistances of the
tuned antenna are matched to the load resistance, the maxi-
mum amount of power Prx is available at the load. In other
words, the optimum condition is when R L_rx+Rc-rx+R
ser=R'oad_rx.

For an embodiment, an air loop antenna with maximum
dimensions of 20 cm (Le. a radius r of 10 cm), a wire radius
of' 1 mm and a single turn (N=1) will be investigated. It could,
for example, sit vertically on a bench or a table inside the
home.

The required capacitance for resonance at different fre-
quencies according to Equation 19 is given in Table 5.

TABLE §

Required capacitance for resonance at different frequencies

Frequency (MHz) Required Capacitance

1.3 17.85 nF
13.56 164.1 pF
64 7.365 pF

250 0.483 pF
500 0.121 pF

In the study of small antennas, the inventors found that that
the equations used may be outside their valid range. Many
equations are approximations of very complex physical situ-
ations. As stated above, the transmitter may be given the size
of atypical small home appliance. The maximum dimension
of'the unit (i.e. the diameter of the loop) is 0.2 m. The receiver
has been given the dimension of a typical portable device such
as a mobile phone. The maximum dimension of the unit (i.e.
the diameter of the loop) is 0.05 m. These may be considered
as particularly preferred values.

In order to obtain good results, the following parameters
can be considered.
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The total unwound electrical length should not exceed
A/10. The wire radius should be much smaller than the radius
of'the loop. This is a particular condition for the calculation of
the loop inductance, and is also necessary to be able to physi-
cally wind the coil. The frequency should be high enough
such that the skin depth is less than the radius of the wire. The
distance between the loops must be much greater than, e.g., at
least 5 times greater than, the dimensions of either loop. This
condition is easily met with the chosen dimensions. If this
were not the case, mutual coupling between the two loops
would have to be considered, particularly if the loops are
aligned on-axis.

Coaxial alignment of the loops may be the optimum posi-
tioning for the near-field. At frequencies in the far-field, the
loops are assumed to be positioned side-by-side. This may be
the optimum positioning for the far-field.

Also, for optimum power transter, the receiver antenna can
be matched to the load, and the source can be matched to the
transmit antenna.

FIGS. 8A-8D illustrate available power at the receiver’s
load resistor for different antennas. Each of these antennas is
defined to have a loop diameter of 50 mm and the transmitter
aloop diameter of 0.2 m. The two loops are aligned on-axis in
the near-field and side-by side in the far-field.

In FIG. 8A, the number of turns on the receiver is N=1, the
wire diameter is 0.5 mm, the on-axis distance from the
receiver coil to the transmitter coil is 1 m. In FIG. 8B, the
number of turns on the receiver is N=5, the wire diameter is
0.5 mm, the on axis distance from the receiver coil to the
transmitter coil is 1 m. In FIG. 8C, the number of turns on the
receiver is N=1, the wire diameter is 0.5 mm, the on axis
distance from the receiver coil to the transmitter coil is 3 m. In
FIG. 8D, the number of turns on the receiver is N=5, the wire
diameter is 0.5 mm, the on™axis distance from the receiver
coil to the transmitter coil is 3 m.

These plots show how the efficiency of the receiver antenna
increases with frequency.

FIGS. 9A and 9B shows the efficiency values, with FIG. 9A
showing unloaded efficiency versus quality factor at different
frequencies. Dotted lines show the efficiency of the loop
antenna for different number of turns (N=1 to 30). For both
sets of curves different frequencies have been analyzed,
resulting in different relative antenna sizes (physical antenna
size relative to wavelength). The inventors found that for all
results, the efficiency of the loop antenna was always approxi-
mately 11 dB below the predicted theoretical limit.

FIG. 9B plots the loaded quality factor and efficiency have
been plotted instead of the unloaded quality factor and effi-
ciency. The difference between the maximum possible
antenna efficiency and the efficiency of the loop antenna is
still approximately 11 dB.

FIGS. 8A-8D show the power available at the receiver for
transmitter-receiver separations of 1 m and 3 m. These dis-
tances were chosen because they are reasonable for the oper-
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ating environment of the wireless power transfer system. At
these distances, the frequencies 1.3 MHz and 13.56 MHz can
be considered to be in the near-field, while 64 MHz, 250 MHz
and 500 MHz can be considered to be in the far-field.

With the exception of 1.3 MHz, the amount of power
received increases monotonically with frequency. The excep-
tion at 1.3 MHz is directly attributable to the more relaxed
FCC restrictions on H field strength at this frequency. This
temporarily dominates the trend of increasing received power
with increasing efficiency. More power is received at higher
frequencies because the antenna efficiency increases rapidly
as the antenna dimensions become greater relative to a wave-
length.

At 1.3 MHz, a transmitter-receiver separation of 1 m and
with physical constraints described above, the expected
power at the load is around —20 to =30 dBm (depending on the
number of turns). By increasing the distance to 3 m, the
received power level decreases by about 30 dB (a factor of
1000). This is also true at 13.56 MHz, which also is in the
near-field. At the far-field frequencies, increasing the separa-
tion from 1 to 3 meters decreases the received power by about
10 dB (a factor of 10). Two conclusions can be drawn: Firstly,
the amount of power that would be received by a system
operating at frequencies in the low MHz range is negligible,
unless the separation between transmitter and receiver is very
small. Secondly, changes in separation of 1 or 2 meters would
cause large fluctuations in the received power.

Athigher frequencies and with a separation of 1 to 3 m, the
scenario is then far-field and the picture improves somewhat.
The amount of power received at 250 MHz, for example,
could exceed 0 dBm (1 mW) depending on the configuration.
Also, the fluctuations in received power with changes in sepa-
ration between transmitter and receiver are not so extreme.

The above analysis always ensures that the MPE limits are
never exceeded. The MPE limits are blanket limits that put an
absolute upper bound on allowed levels of non-ionizing
radiation at all frequencies across 1 to 500 MHz band. At
particular frequencies within this band, the US and European
regulators have certainly introduced additional, stricter limits
on radiation levels, mainly to avoid interference or conflict
between the many users of the radio frequency spectrum.

Also, in order to achieve the far-field performance shown in
the plots, the antennas need to be arranged side by side. Other
orientations of the loops could result in significantly less, or
even no power being transferred. For example, if the Rx loop
in FIG. 28 was rotated 90° so as to be perpendicular to the
plane of the Tx loop (and the page), no power would be
received.

The higher frequencies will result in higher losses in the
rectifier electronics than the low frequencies. Thus overall
efficiency must reach an optimum at some frequency, and
then begin to decrease as the frequency increases.

At frequencies of 250 MHz and above, the practical imple-
mentation may become more difficult due to the very small
<<1 pF) capacitors needed for resonance. Self resonance of
the receiver coil could also be an issue.

The above shows how the efficiency of the receiver antenna
changes when the frequency is increased and when the num-
ber ofturns is increased. The efficiency increases rapidly with
frequency such that about an 80 dB improvement is obtained
by increasing the frequency from 1.3 MHz to 250 MHz. The
efficiency is thus a key factor in determining the best operat-
ing frequency for the wireless power transfer system. The
number of turns initially has a large effect on the efficiency,
but after about 5 turns, the impact is negligible. The effect of
the tuning circuit and the load on the circuit efficiency is given
by the difference between the loaded and the unloaded effi-

10

15

20

25

30

35

40

45

50

55

60

14

ciency. In general the effect of the tuning circuit and load is to
lower the efficiency by about 4 dB (3 dB from the matched
load and 1 dB from the tuning circuit).

The above also shows how the quality factor of the receiver
antenna changes when the frequency is increased and when
the number of turns is increased. The quality factor reaches a
maximum at around 250 MHz and then decreases. This is
because the larger series resistances in the circuit starts to
dominate Equation 29 at higher frequencies. An increasing
number of turns at first has a larger impact in raising the
quality factor. After about 5 turns, the effect becomes negli-
gible. The tuning circuit itself has a high Q and does not
substantially impact on the loaded Q too much. Most of the
degradation of the loaded Q factor (compared to the unloaded
Q) is because the power matching condition is strictly
enforced in the simulation: The presence of the matched load
resistor rx in FIG. 23 essentially doubles the series resistance
in the circuit. According to Equation 29, this will result in a
reduction in the loaded Q.

The plots above also show how the bandwidth of the
receiver antenna changes when the frequency is increased and
when the number of turns is increased. The bandwidth of the
series resonant circuit increases with frequency and decreases
with the number of turns. At 250 MHz and a single turn, the
loaded bandwidth is slightly above 1 MHz.

In summary of the above, therefore, a wireless power sys-
tem can be made.

Maximum permissible exposure regulations limit the
transmit power allowed into an antenna. For low frequencies
higher field strengths are usually specified. Furthermore,
European regulations define a lower power density (field
strength) limit than FCC regulations.

FCC (US) and European regulators have placed limits on
the maximum allowed non—lionising radiation emissions
(MPE Limits). It must be noted that the MPE Limits are
blanket limits—separate standards limit the permissible
radiation levels in particular bands, and these are stricter than
the MPE limits. The “towards a practical implementation”
phase of this study has always assumed that the FCC limits
apply.

Efficiency, quality factor and size are limiting parameters
in antenna design. Small sized antennas will only have low
efficiency or a high quality factor. For small antennas,
increasing antenna size or operation frequency by a factor of
10 results in an improvement of antenna efficiency by 30 dB,
assuming that antenna quality factor is kept constant. Increas-
ing the antenna quality factor by a factor of 10 results in 10dB
more efficiency, assuming that relative antenna size is kept
constant.

Antenna gain is not physically limited. However, for a
constant antenna size, gain will generally be smaller at lower
than at higher frequencies.

Radio wave propagation in the near-field differs substan-
tially from that in the far-field. Usually, the field strength
decays by 60 dB/decade distance in the near-field, whereas a
drop of only 20 dB/decade is observed in the far-field.

Wireless power transfer system may be betting using tuned
loop antennas with an air substrate as opposed to ferrite core
antennas or dipole antennas. L.oop antennas are more robust
to detuning than other antenna types.

In particular, the loop antenna at the receiver will be
affected (detuned) by changes in its near environment. A
variable capacitor at least on the transmitter side and probably
also on the receiver side would be necessary to compensate
for this. A varactor diode appears to be the best candidate for
tuning the receiver loop antenna, and has been considered in
this study.
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The resulting recommended circuit topology is a series
resonant RLC circuit for both the receiver and the transmitter.
Power matching between the source and the transmit antenna
and between the receive antenna and the load ensures that
maximum power is delivered to the load.

A range of operating frequencies for this system have been
investigated, ranging from 1.3 MHz to 500 MHz. However,
limits in the size of the tuning capacitors (less than 1 pF is
difficult) restrict the maximum operating frequency to about
250 MHz for the antenna dimensions considered in this study.
The effect of loop self-resonance due to inter wining and stray
capacitances has not been considered at this stage.

Circuit analysis shows that with the exception of low fre-
quencies (1.3 MHz), the available received level increases
monotonically and efficiency increases in a Similar way.

If'the system is operating in the near-field (Le. low frequen-
cies), movement of the receiver could cause very large fluc-
tuations in received power level. An increase of transmitter to
receiver separation from 1 m to 3 m could reduce the received
power by a factor of 1000. In the far-field, the fluctuations
would be much reduced, in the order of a factor of 10. There-
fore, it would be preferable to run the system at higher fre-
quencies and in the far-field.

The previous point does not consider some other factors,
which may impact on the chosen frequency:

Once the rectifying and charging circuit has been consid-
ered, overall efficiency (and thus available power) will be
further reduced. It could also lead to a change in the optimum
frequency.

The position and orientation of the Rx loop antenna relative
to the Tx loop antenna is critical. In the near-field, arranging
the loops coaxially results in optimum power transfer. In the
far-field, arranging the loops side by side results in the opti-
mum power transfer. Small changes to loop orientation, such
as rotating one loop so that is perpendicular to the other loop,
would result in zero power transfer.

The efficiency of a loop antenna is 11 dB below the maxi-
mum efficiency antenna efficiency predicted by theory. The
reason for this is that the loop makes only poor use of the
volume available in a radiansphere. Different antennas can
get closer to this theoretical limit. However, they can never
surpass it.

The only way to consistently achieve the best orientation
would be to have the user place the portable device in a
desk-mounted fixture, which is contrary to the concept of a
portable, wireless charging unit.

Although only a few embodiments have been disclosed in
detail above, other embodiments are possible and the inven-
tors intend these to be encompassed within this specification.
The specification describes specific examples to accomplish a
more general goal that may be accomplished in another way.
This disclosure is intended to be exemplary, and the claims
are intended to cover any modification or alternative which
might be predictable to a person having ordinary skill in the
art.

For example, other antenna forms and selections can be
used. The term “power” as used herein can refer to any kind of
energy, power or force transfer of any type.

The receiving source can be any device that operates from
stored energy, including a computer or peripheral, communi-
cator, automobile, or any other device.

Also, the inventors intend that only those claims which use
the words “means for” are intended to be interpreted under 35
USC 112, sixth paragraph. Moreover, no limitations from the
specification are intended to be read into any claims, unless
those limitations are expressly included in the claims.
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The operations and/or flowcharts described herein may be
carried out on a computer, or manually. If carried out on a
computer, the computer may be any kind of computer, either
general purpose, or some specific purpose computer such as a
workstation. The computer may be an Intel (e.g., Pentium or
Core 2 duo) or AMD based computer, running Windows XP
or Linux, or may be a Macintosh computer. The computer
may also be a handheld computer, such as a PDA, cell phone,
or laptop. Moreover, the method steps and operations
described herein can be carried out on a dedicated machine
that does these functions.

The programs may be written in C or Python, or Java, Brew
or any other programming language. The programs may be
resident on a storage medium, e.g., magnetic or optical, e.g.
the computer hard drive, a removable disk or media such as a
memory stick or SD media, wired or wireless network based
or Bluetooth based Network Attached Storage (NAS), or
other removable medium or other removable medium. The
programs may also be run over a network, for example, with
a server or other machine sending signals to the local
machine, which allows the local machine to carry out the
operations described herein.

Where a specific numerical value is mentioned herein, it
should be considered that the value may be increased or
decreased by 20%, while still staying within the teachings of
the present application, unless some different range is spe-
cifically mentioned. Where a specified logical sense is used,
the opposite logical sense is also intended to be encompassed.

What is claimed is:

1. A wireless power reception system, comprising:

a receiver coil disposed about a perimeter of a mobile

device; and

a wireless power receiver circuit coupled to the receiver

coil, the wireless power receiver circuit and the receiver
coil configured to receive power via a wireless field at a
first frequency, the received wireless power sufficient to
charge or power a load, the wireless power receiver
circuit and the receiver coil having an inductance and a
capacitance such that the wireless power receiver circuit
and the receiver coil are configured to resonate at a
resonant frequency that is substantially equal to the first
frequency, the receiver coil having a ferrite-less core
being resistant to degradation of a resonant condition of
the receiver coil and the wireless power receiver circuit
from permanent magnets in the mobile device.

2. A wireless power reception system as in claim 1, further
comprising a tuning part configured to tune at least one com-
ponent in said wireless power receiver circuit to adjust the
resonant frequency.

3. A wireless power reception system as in claim 2, wherein
said tuning part is configured to tune a component of said
wireless power receiver circuit to adjust for an error caused by
variations in component values.

4. A wireless power reception system as in claim 1, wherein
the wireless power receiver circuit includes a capacitor, and
wherein said capacitor has a Q value greater than 1000.

5. A wireless power reception system as in claim 2, wherein
said tuning part comprises a MEMS based variable capacitor.

6. A wireless power reception system as in claim 1, wherein
the receiver coil includes an inductor, and wherein said induc-
tor comprises a wire loop antenna.

7. A wireless power reception system as in claim 1, wherein
the receiver coil and the wireless power receiver circuit are
configured to receive power via the wireless field from a
wireless power transmitter.

8. A wireless power reception system as in claim 7, wherein
the transmitter includes a transmit coil, and wherein the
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receiver coil and the transmit coil are positioned such that the
receiver coil is within the near field of the wireless field
transmitted by the transmit coil, and wherein the transmit coil
and the receiver coil are coaxial to one another.
9. A wireless power reception system as in claim 7, wherein
the transmitter includes a transmit coil, and wherein the
receiver coil and the transmit coil are positioned such that the
receiver coil is within the far field of the wireless field trans-
mitted by the transmit coil, and wherein the transmit coil and
the receiver coil are positioned adjacent to one another.
10. A method of receiving wireless power, comprising:
receiving power with a receiver coil disposed about a
perimeter of an electronic device and a wireless power
receive circuit via a wireless field at a first frequency, the
receiver coil having a ferrite-less core that is resistant to
degradation of a resonant condition of the receiver coil
and the wireless power receive circuit from permanent
magnets in the mobile device, and the received wireless
power sufficient to charge or power a load; and

adjusting a component of the wireless power receive circuit
to adjust at least one of an inductance and a capacitance
of'the wireless power receive circuit and the receiver coil
such that the wireless power receive circuit and the
receiver coil are configured to resonate at a resonant
frequency that is substantially equal to the first fre-
quency.

11. The method as in claim 10, wherein adjusting a com-
ponent comprises tuning the component of said wireless
power receive circuit to adjust for an error caused by varia-
tions in component values.

12. An apparatus for receiving power via a wireless field,
comprising:
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means for receiving power with via the wireless field at a
first frequency, the means for receiving power compris-
ing a ferrite-less core and configured to be disposed
about a perimeter of an electronic device and resistant to
degradation of a resonant condition of the means for
receiving power from permanent magnets in the elec-
tronic device, and the received power sufficient to charge
or power a load; and

means for adjusting a component of the means for receiv-
ing power to adjust at least one of an inductance and
capacitance of the means for receiving power such that
the means for receiving power is configured to resonate
at a resonant frequency that is substantially equal to the
first frequency.

13. The apparatus as in claim 12, wherein the means for
receiving power comprises a wireless power receive circuit
and a receiver coil.

14. The apparatus as in claim 13, wherein the means for
adjusting a component comprises means for tuning the com-
ponent of said wireless power receive circuit to adjust for an
error caused by variations in component values.

15. The apparatus as in claim 12, wherein the means for
receiving power comprises an air core.

16. The system as in claim 1, wherein the receiver coil
comprises an air core.

17. The method as in claim 10, wherein the receiver coil
comprises an air core.

18. The method as in claim 10, wherein the component of
the wireless power receive circuit is tunable.

19. The apparatus as in claim 13, wherein the component of
the wireless power receive circuit is tunable.
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